The structures of three salts derived from clozapine, 8-chloro-11-(4-methylpiperazin-1-yl)-5H-dibenzo [b,e] . In all three salts, the protonation site is the methylated N atom of the piperazine ring, and the dimensions and conformations of the fused tricyclic system are very similar. However, differences are apparent in the piperazine component: in both compounds (II) and (III), the unprotonated N atom of this ring has a pyramidal geometry, but in compound (I) this atom has a planar geometry. In compound (III), both N-substituents in this ring occupy equatorial sites, but in compound (II) the fused tricyclic system occupies an axial site of the piperazine ring. The independent components of compound (I) are linked within the selected asymmetric unit by a combination of N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds, and these hydrogen-bonded aggregates are linked into chains by an aromaticstacking interaction. In compound (II), the components are linked into sheets by a combination of O-HÁ Á ÁO, N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds, and in compound (III), a combination of N-HÁ Á ÁO, C-HÁ Á ÁO and C-HÁ Á ÁN hydrogen bonds links the components into a three-dimensional framework structure. Comparisons are made with some similar compounds.
The structures of three salts derived from clozapine, 8-chloro-11-(4-methylpiperazin-1-yl)-5H-dibenzo [b,e] (III) . In all three salts, the protonation site is the methylated N atom of the piperazine ring, and the dimensions and conformations of the fused tricyclic system are very similar. However, differences are apparent in the piperazine component: in both compounds (II) and (III), the unprotonated N atom of this ring has a pyramidal geometry, but in compound (I) this atom has a planar geometry. In compound (III), both N-substituents in this ring occupy equatorial sites, but in compound (II) the fused tricyclic system occupies an axial site of the piperazine ring. The independent components of compound (I) are linked within the selected asymmetric unit by a combination of N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds, and these hydrogen-bonded aggregates are linked into chains by an aromaticstacking interaction. In compound (II), the components are linked into sheets by a combination of O-HÁ Á ÁO, N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds, and in compound (III), a combination of N-HÁ Á ÁO, C-HÁ Á ÁO and C-HÁ Á ÁN hydrogen bonds links the components into a three-dimensional framework structure. Comparisons are made with some similar compounds.
Chemical context
Clozapine, 8-chloro-11-(4-methylpiperazin-1-yl)-5H-dibenzo- [b,e] [1,4]diazepine, is a well established medication used in the treatment of schizophrenia which in general leads to a lower incidence of adverse side effects such as Parkinsonian-type symptoms than some other treatments (Breier et al., 1994) . Although structures have been reported for both the free base itself (Petcher & Weber, 1976) and for its doubly-protonated di-cation, as the dibromide salt (Fillers & Hawkinson, 1982) , there appear to be no reports of the structures of any monoprotonated clozapine derivatives. Accordingly, we have now determined the structures of three such salts with a variety of counter-ions. Of these salts, the 3,5-dinitrobenzoate crystallizes from dimethyl sulfoxide as a stoichiometric monosolvate (I) (Fig. 1, Scheme 1) ; however, the hydrogen maleate crystallizes from the same solvent as a partial hydrate (II) (Fig. 2) ; ISSN 2056-9890 and the 2-hydroxybenzoate crystallizes from a 1:1 mixture of acetonitrile and methanol in a solvent-free form (III) (Fig. 3) . A number of other such salts were prepared, but no crystals suitable for single-crystal X-ray diffraction have so far been obtained from these, despite attempts to prepare crystals using a range of solvents. The aims of the present study are firstly to establish the site of protonation in the mono-protonated cations; secondly, to compare the conformations of the clozapinium cations; and thirdly, to explore the supramolecular assembly in these three salts.
Structural commentary
Compound (I) consists of a clozapinium cation, in which protonation has occurred at the protonated N atom of the piperazine ring, as is also observed in both of compounds (II) and (III), a 3,5-dinitrobenzoate anion, and a molecule of dimethyl sulfoxide (DMSO), which is disordered over two orientations having site occupancies of 0.627 (2) and 0.273 (2), respectively ( Fig. 1) . It was possible to select an asymmetric unit for (I) in which the three components are linked by N-HÁ Á ÁO hydrogen bonds (Fig. 1, Table 1 ). The N-HÁ Á ÁO hydrogen bond between the two ionic components within the selected asymmetric unit is a charge-assisted hydrogen bond (Gilli et al., 1994) and it is nearly linear with fairly short HÁ Á ÁO and NÁ Á ÁO distances (Table 1 ). There are also some short C-HÁ Á ÁO contacts between the cation and the disordered DMSO components, but those to the major component, in particular, have long HÁ Á ÁO distances, and C-HÁ Á ÁO angles which are less than 140 (cf. Wood et al., 2009 ) so these may be better regarded as adventitious contacts rather than structurally significant interactions.
Compound (II) consists of a clozapinium cation, a hydrogen maleate anion which contains a short intra-anion O-HÁ Á ÁO hydrogen bond (Table 1) , and a partial occupancy water molecule whose refined site occupancy is 0.210 (7): despite the short OÁ Á ÁO distance in the intra-anion hydrogen bond, the H atom is significantly displaced from a position equidistant from the two O atoms involved (Table 1 ). The two ionic components are linked by a nearly linear charge-assisted hydrogen bond (Fig. 2) , while the partially occupied water site forms hydrogen bonds to two anions (Table 1 ).
Figure 1
The independent components of compound (I), showing the atomlabelling scheme and the N-HÁ Á ÁO hydrogen bonds within the selected asymmetric unit. Displacement ellipsoids are drawn at the 30% probability level and the major and minor orientations of the disordered dimethyl sulfoxide component, containing atoms S31 and S41, respectively, have occupancies 0.627 (2) and 0.373 (2).
There is again an intra-anion O-HÁ Á ÁO hydrogen bond in the 2-hydroxybenzoate component of compound (III) and, again, the two ionic components are linked by a fairly short, charge-assisted hydrogen bond (Fig. 3) . It is of interest to note both the general similarity in the dimensions of the two intraanion hydrogen bonds in compounds (II) and (III), and also that in each of (I)-(III), the site of the protonation of the clozapine is the methylated atom N14 of the piperazine ring. In each case, this N-H bond participates in a short chargeassisted hydrogen bond between the ionic components. As discussed below, this is the only N-HÁ Á ÁO hydrogen bond involving the ionic components in both compound (I) and compound (III).
In the clozapinium cations of compounds (I)-(III), the fused tricyclic units exhibit very similar conformations, as 
Figure 3
The independent components of compound (III), showing the atomlabelling scheme, and the O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds within the selected asymmetric unit. Displacement ellipsoids are drawn at the 30% probability level. 
Figure 2
The independent components of compound (II), showing the atomlabelling scheme, and the O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds within the selected asymmetric unit. Displacement ellipsoids are drawn at the 30% probability level and the water molecule, containing atom O31, has occupancy 0.210 (7).
shown by the relevant torsional and dihedral angles (Table 2) which define the relative orientations of the three rings. It is interesting to note that corresponding pairs of torsional angles involving either one or the other of the two aryl rings consistently have similar magnitudes but opposite signs, indicative of near mirror symmetry, provided the difference in the atomic types N10 and C11 is ignored, with the pseudo mirror containing the bond N5-H5 and passing through the midpoint of the bond N10-C11. However, there are some interesting differences between (I)-(III) in respect of the piperazine rings, which in each compound adopt a chair conformation, with protonation at the methylated atom N14, where the methyl atom C17 always occupies the equatorial site. While the geometry at N11 is planar within experimental uncertainty in compound (I), it is pyramidal in each of (II) and (III). In addition, the atom C11 (and hence the bulky tricyclic system) occupies the equatorial site at N11 in compound (III), but in compound (II) the tricyclic unit unexpectedly occupies the axial site at atom N11, as indicated by the values of the torsional angles C11-N11-C12-C13 for these two compounds (Table 2) .
Supramolecular features
The supramolecular assembly in compounds (I)-(III) provides structures in one, two and three dimensions respectively. There are no hydrogen bonds in the structure of compound (I) other than those within the selected asymmetric unit (Table 1 , Fig. 1 ). However, the hydrogen-bonded ionic components are linked into a chain by an aromatic -stacking interaction. The C5A,C6-C9,C9A ring in the cation at (x, y, z) makes a dihedral angle of only 1.34 (12) with the C21-C26 ring in the anion at (x, 1 2 À y, 1 2 + z). The distance between the centroids of these two rings is 3.4583 (14) Å and the shortest perpendicular distance between the centroid of one ring and the plane of the other is 3.2761 (1) Å , corresponding to a ring-centroid offset of ca 1.11 Å . This stacking interaction links the hydrogenbonded ionic components into a chain running parallel to the [001] direction (Fig. 4) . Two chains of this type, related to one another by inversion, pass through each unit cell, but there are no direction-specific interactions between adjacent chains. The DMSO molecules are pendent from the chains but otherwise play no part in the supramolecular assembly, so that their role may be largely that of filling otherwise empty cavities within the structure formed by the ionic components.
In compound (II) a combination of O-HÁ Á ÁO, N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds (Table 1) links the independent components into complex sheets, but the sheet formation can readily be analysed in terms of a small number of fairly simple sub-structures (Ferguson et al., 1998a,b; Gregson et al., 2000) . Ion pairs (Fig. 2) which are related by inversion are linked by C-HÁ Á ÁO hydrogen bonds, forming a cyclic centrosymmetric aggregate characterized by an R 4 4 (22) (Bernstein et al., 1995) A stereoview of part of the crystal structure of compound (I), showing the formation of a -stacked chain of hydrogen-bonded ion pairs. For the sake of clarity, H atoms not involved in the hydrogen bonds (shown as dashed lines) have been omitted, as have the disordered DMSO molecules.
Figure 5
Part of the crystal structure of compound (II) showing the formation of a centrosymmetric four-ion aggregate. For the sake of clarity, the unit-cell outline and the H atoms bonded to C atoms not involved in the motif shown have been omitted. Atoms marked with an asterisk (*) are at the symmetry position (2 À x, 1 À y, 1 À z).
hydrogen bonds to form a C 2 ) to the four symmetry-related aggregates centred at (0, 0, 0), (0, 1, 0), (2, 0, 1) and (2, 1, 1), so forming a sheet lying parallel to (1 0 2) (Fig. 7) . Embedded within this sheet is a further cyclic motif, which is formally centrosymmetric, containing two anions and two water molecules. However, since the occupancy of the water sites is only 0.210 (7), if either of the two water sites in this motif is occupied there is a high probability that the other such site will be unoccupied: indeed, in the majority of cases, neither site will be occupied.
The independent components of compound (III) are linked into a three-dimensional framework structure by a combination of N-HÁ Á ÁO, O-HÁ Á ÁO and C-HÁ Á ÁN hydrogen bonds (Table 1) , and again the formation of the framework is most readily analysed in terms of three one-dimensional substructures. In the simplest of these sub-structures, the C-HÁ Á ÁO hydrogen bond involving atom C4 links ion pairs related by translation into a C 2 2 (11) chain running parallel to the [110] direction (Fig. 8) . The second sub-structure involves both C-HÁ Á ÁN and C-HÁ Á ÁO hydrogen bonds: cations related by the c-glide plane at y = 0.5 are linked by C-HÁ Á ÁN hydrogen bonds into C(7) chains running parallel to the [001] direction, and similarly related ion pairs are linked by the C-HÁ Á ÁO hydrogen bond involving atom C9 to form a C 2 2 (11) chain also running parallel to [001] , such that the combined effect of these two hydrogen bonds generates a C(7) C (Fig. 9) . Finally, the alternating action of the hydrogen bonds involving, atom C4 on the one hand, and atoms C9 and C15 on the other (Table 1) generates a complex chain running parallel to the [101] direction ( Fig. 10 ).
Database survey
It is of interest briefly to compare the structures reported here for the salts (I)-(III) with those of some closely related analogues, in particular clozapine itself, compound (IV) (see Scheme 2) and the dihydrobromide salt (V).
In the free base clozapine, which crystallizes in the space group P2 1 2 1 2 1 (Petcher & Weber, 1976) , the geometry at the piperazinyl N atom corresponding to atom N11 in compounds (I)-(III) is very nearly planar, with a sum of interbond angles of 357 (2) , and there are no direction-specific interactions between the molecules: in particular, the N-H bond does not participate in any kind of hydrogen bond. In the salt (V), which crystallizes in space group P2 1 /c (Fillers & Hawkinson, 1982) , the protonation sites are the N atoms corresponding to atoms N10 and N14 in compounds (I)-(III), so that the doubly bonded N atom of the diazepine ring is protonated in preference to the second N atom of the piperazine ring where, as in (IV), the geometry in nearly planar, with a sum of interbond angles of 357 (2) : the individual ionic components in (V) are linked by charge-assisted N-HÁ Á ÁBr hydrogen bonds, such that cations related by a 2 1 screw axis are bridged by one of the two independent anions to form a C 1 2 (7) chain, from which the anions of the second type are pendent. Loxapine, compound (VI), is similar to clozapine but differs from it in two respects: the nature of the hetero-atoms in the seven-membered ring, and the location of the Cl substituent. Here again there are no direction-specific interactions between the molecules (Petcher & Weber, 1976) . The overall molecular shapes of the molecules of compounds (IV) and (VI) are extremely similar, and it was suggested (Petcher & Weber, 1976 ) that the structures observed in the solid state represented a preferred form which persists in aqueous solutions and at the site of neuroleptic receptors. However, in the presence of charge-assisted hydrogen bonds in compounds (I)-(III), reported here, which are probably slightly stronger that those between the molecules of (IV) and (VI) and adjacent water molecules in solution, the molecular configurations show some significant differences, as noted above, so that no preferred configuration is apparent from the structures of (I)-(III).
Synthesis and crystallization
Clozapine was a gift from R L Fine Chem, Bengaluru, Karnataka, India. Equimolar quantities of clozapine and the appropriate acid (1.53 mmol of each component) were dissolved in methanol at 333 K. The solutions were permitted to cool to ambient temperature, and the resulting crystals were then collected by filtration, and dried over phosphorus(V) oxide. Crystals suitable for single-crystal X-ray diffraction were obtained by slow evaporation, at ambient temperature and in the presence of air, of solutions in dimethyl sulfoxide, for compounds (I) and (II), and a mixture (1:1 v/v) of acetonitrile and methanol for compound (III).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 3 . The H atoms bonded to C or N atoms in the ionic components of compounds (I) A stereoview of part of the crystal structure of compound (III) showing the formation of a hydrogen-bonded chain running parallel to [101] . For the sake of clarity, H atoms bonded to the C atoms not involved in the motif shown have been omitted. kU eq (C), where k = 1.5 for the methyl groups, which were permitted to rotate but not to tilt, and 1.2 for all other H atoms bonded to C atoms. For the H atoms bonded to N or O atoms, the atomic coordinates were refined with U iso (H) = 1.2U eq (N) or 1.5U eq (O), giving the N-H and O-H distances shown in Table 1 .
In compound (I), the dimethyl sulfoxide component is disordered over two sets of atomic sites having unequal occupancy (cf. Fig. 1 ). For the minor disorder component, the bonded distances and the one-angle non-bonded distances were all restrained to be the same as the corresponding distances in the major component subject to uncertainties of 0.005 Å and 0.01 Å respectively. The anisotropic displacement parameters for those pairs of partial-occupancy C and O atoms occupying essentially the same physical space were constrained to be identical, and the H atoms of the dimethyl sulfoxide components were included as riding atoms with C-H distances 0.95 Å and U iso (H) = 1.5U eq (C). Subject to these conditions, independent refinement of the site occupancies for the two disorder components gave values of 0.613 (3) and 0.359 (3): thereafter the occupancies were constrained to sum to unity, giving final values of 0.627 (2) and 0.373 (2). At this stage of the refinements there were no significant features in the difference maps for compounds (I) and (III), but for (II) there was a single significant peak, 1.51 e Å À3 , which was within plausible hydrogen-bonding distance of two O atoms. Examination of the structures of compounds (I) and (III) using PLATON (Spek, 2009) showed that there were no solvent-accessible voids in these structures. However, in compound (II), there was a total void volume of ca 88 Å 3 per unit cell, and examination of the structure of (II) using the SQUEEZE tool (Spek, 2015) within PLATON disclosed the presence of an addition 8.8 electrons per unit cell, equivalent to 0.22 molecules of water per ion pair. Accordingly, the large residual was modeled as the O atom, denoted O31, of a partial occupancy water molecule, which was refined isotropically: it was not possible to locate the H atoms associated with atom O31 in difference maps, but they were included in calculated positions with O-H 0.90 Å and U iso (H) = 1.5U iso (O) . Subject to these conditions, the occupancy of the water molecule refined to a value of 0.210 (7), very close to that indicated by SQUEEZE. It should be emphasized here that the application of the SQUEEZE procedure referred to above was intended only to estimate the number of electrons not yet accounted for used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: PLATON (Spek, 2009) ; software used to prepare material for publication: SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009) . 
